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ItSJTRODUCTlON 

Local accumulation of leukocytes is a characteristic fea- 
ture of the inflammatory response to infectious and other 
noxious agents, however, the specific types of leukocytes 
that accumulate depend on the inciting agent and can vary 
widely. The factors determining this specificity are not 
fully known hut probably include members of the chemok- 
ine superfamily. The CC branch of the chemokine superfa- 
mily includes macrophage inflammatory protein- la 
(MlP-la), MP-lfJ, RANTES, 1-309, monocyte chemoat- 
tractant protein- 1 (MCP-1), MCP-2, MCP-3, and eotanin. 
They have highly conserved amino acid (aa) sequences, 
including four conserved cysteine residues, the first two of 
which are adjacent. Ail of these molecules except for eo- 
taxin induce monocyte chemotaxis but they vary both in 
monocyte chemotactic potency and in their ability to at- 
tract and activate neutrophils, lymphocytes, basophils, and 
eosinophils [1—9]. Eotaxin is highly selective for eosino- 
phils [10-12]. 

Specific monocyte binding sites for MP-lO, MIP-1 P, 
RANTES, MCP-1, and MCP-3 have been identified, and 



molecular cloning has identified a family of distinct but 
related genes expressed in monocytes that encode receptors 
with overlapping selectivity for MlP-lCt, RANTES, MCP-1, 
and MCP-3 [2, 13-22]; their deduced amino acid sequences 
have >45% aa identity to each other. Three of us recently 
reported the sequence of a human eosinophil receptor desig- 
nated CC CXR3 that is expressed at much lower levels in 
monocytes. CC CKR3 was originally reported to be selective 
for MIP-lO, MIP-lp, and RANTES based on calcium flux 
responses in transfected HEK 293 cells. We later retracted 
this claim, having discovered that the cells thought to have 
been transfected with the CC CKR3 plasmid were inadver- 
tently transfected with a related cDNA encoding a novel CC 
chemokine receptor that we have designated CC CKR5 [ref. 
23 and correction]. This mistake occurred because the CC 
CKR5 plasmid DNA was mislabeled CC CKR3. We later 
reported that CC CKR3 is selective for eotaxin and hot other 
CC chemokines tested [12]. 

Samson et al. have recently reported the cloning of a 
human gene that encodes a human CC chemokine receptor 
selective for MIP-lO, MIP-lp, and RANTES, also named 
CC CKR5, that differs from our CC CKR5, sequence only at 
amino acid 90 [24]. Here we characterise in detail our CC 
CECR5 variant. This work extends the work of Samson et al. 
by identifying the first cDNA for CC CKR5, by describing a 
novel allelic variant of CC CKR5, by detailing its ligand 
binding properties and RNA distribution in primary leuko- 
cyte subtypes, and by demonstrating that it couples to a 
pertussis toxin-sensitive signal transduction pathway. 

MATERIALS AND METHODS 
Cloning offtf&CC CXR5 cDfiSSA 

The methcdo used to clone novel chemoMroe receptor- like cDNAo bom 
a Agtll cDNA library made from peripheral bleed mononuclear cells of 
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a patient with eosinbphilic leukemia have. been described previously 
[20]. One of the cDNAs obtained, designated clone 63-2, hod a novel 
sequence highly related to CC CKR2B, but it extended only from bp 105 
to 813 of the CC CKR2B ORF. The 63-2 cDNA was then used as a 
hybridization probe to screen under lot/ stringency conditions (final 
wash: 5x SSPE, 55°C for 30 mtn) a Xp€EV9 cDNA library prepared 
from endotoxin-oU mutated human peripheral blood monocytes as de- 
scribed previously [20, 23]. One of the isolated clones, designated clone 
8.5, matched and extended the sequence of clone 63-2. A 1.4-kb frag- 
ment of the clone 8.5 cDNA was encised from the vector DNA by Barn 
HI and Bu XI double digestion, blunt-ended with Pfu DNA polymerase, 
subcloned into the Eco RV site of pBluescript 11 KS (Stratogene, La 
Jolla, CA), and sequenced completely on boih otrartdo. The cDNA insert 
was then subcloned between the Bam HI and Hind III sites of the 
mammalian expression vector pREP9 (Inritreaen, San Diego, CA). Hu- 
man embryonic kidney (HER) 293 cello (10 ) grown to log phase in 
Dulbecco's modified Eagles medium and 10% fetal bovine serum were 
electro porated with 20 Jig of plaamid DNA, and G418-reaistant colonies 
were picked and expanded as described [23]. The methods used to 
create HEjK 293 cell lines stably expressing CC CKRl and CC CKR2B 
have been described [21]. 

RNA analysis 

Peripheral blood leukocyte RNA was prepared and analysed by hybridi- 
zation to the indicated cDNA probes using methods described pre- 
viously [20]. An antisense 30-mer oligonucleotide 
S'-GTCATACATTCCACTTCACACrrGATAATC (nucleotides +4 to 
+33 of the clone 8.5 cDNA, where +1 is the adenine in codon 1) that 
dees not bind to CC CKRl, CC CECR2, or CC CKR3 DNA or RNA was 
used foi Northern blot analysis using conditions described previously 
[21). 

Ugand binding analysis 

Transfected HEK 293 cells (1(f) were incubated in duplicate with 0.2 
nM l25 B-kbeled RANTES, MCP-1, MlP-lffi, MIP-ip, or MCP-3 (spe- 
cific activity —2200 Ci/mmol, Du Pont/New England Nuclear, Benton, 
MA) and varying concentrations of unlabeled recombinant human 
chemokines (Peprotech, Rocky Hill, NJ) in 200 uJL of binding medium 
(RPMI-1640 with 1 mg/mL bovine serum albumin (BSA) and 25 mM 
/V-24iydrojryethylpip2m2irto-^V -2-ethans0ulfonic acid, pH 7.4]. After 
incubation for 1 h at 37°C, unbound chsmokinaa were separated from 
cells by pelleting through a 10% Bucraae/phtaphate-buffered oaline 
(PBS) cushion. 

Receptor activation assay 

[Ca 2+ Jj changes. were measured using 2 million transacted HEK 293 
cells loaded with Furo-2 upon stimulation with chemokines as described 
previously [21]. Where indicated, cells loaded with Fura-2 were incu- 
bated in holcioain of B. pertussis (List, Campbell, CA) 250 ng/mL for 2 
h at 37°C, then washed twice in PBS and resuspended in Honks' bal- 
anced saline solution. Cell viability was ~80% by trypan blue exclusion 
after pertussis toxin treatment. ATP was from Sigma (St. Louts, MO). 



RESULTS AND DISCUSSION 

Cloning and sequence analysis of CC CKR5 

The clone 8.5 cDNA for CC CKR5 is 1370 bp in length. 
The 5'- and 3'-untranslated regions and ORF are 26, 288, 
and 1056 bp, respectively. The 3'-untranslated region is 
not polyadenylated and lacks a polyadenylatuon consensus 
sequence. The ATG codon proposed to initiate (translation 
is (Hanked by sequence tthat conforms favorably with the 
consensus rules established by Kozak [25]. The ORF con- 



tains 352 codons. The sequence is 57, 70, 75, 51, and 48% 
identical to CC CKRl, CC CKR2A, CC CKR2B, CC 
CKR3, and CC CKR4, respectively. Only a few very small 
gaps are required for optimal alignment (IFig. 1). 

Like other seven-transmembrane-domain receptors, the 
C-terminal tail has a high content of serine and threonine 
residues that may be sites for receptor phosphorylation as 
they are in rhodopsin and the ($2 -adrenergic receptor [26]. 
It also contains cysteine residues that by analogy with 
other seven-transmembrane domain receptors could be a 
site for palmitoylation, tethering this domain to the plasma 
membrane [27]. The net charge of the /V-terminal extracel- 
lular segment of CC CKR5 is -1. The corresponding do- 
main of CC CKR2B has a net charge of zero, whereas for 
other known chemokine receptors this domain is highly 
acidic [28]. Like all other known chemokine receptors, CC 
CKR5 has conserved cysteine residues in the TV-terminal 
segment and the third predicted extracellular loop that 
could form a disulfide bond. CC CKR5 has a consensus 
sequence for W-linked glycosylation, in the predicted third 
extracellular loop. Compared with the sequence of Samson 
et aL, our sequence contains a leucine in place of alanine 
at position 90 [24]. Hie two sequences probably derive 
from distinct alleles of the same gene. 

Distribution of CC CKR5 RNA 

Samson et al. screened several cultured leukocyte cell 
lines and found RNA for CC CKR5 only in KG-1A 
promyeloblastic cells [24]. Cross-hybridization to CC 
CKR2 raRNA, which is similar in size to the transcript 
found, was not excluded in this study, and analysis of 
primary peripheral blood mononuclear cell RNA was re- 
ported as negative. En our experiments, a full-length CC 
CKR5 ORF probe clearly recognized a 3.5-kb RNA band 
by Northern blot hybridization in total RNA made from 
primary adherent monocytes, but not from primary neutro- 
phil or eosinophil samples (IFng. 2, left). We next synthe- 
sized a 30-mer antisense CC CKR5 oligonucleotide that 
does not cross-hybridize with CC CKR2 and used it to 
probe the same blot. The same band was identified by this 
probe, confirming monocyte expression of CC CKR5 (Fig. 
2, right). 

Agonists forCC CKR5 

As described in the Introduction, Figures 3 and 4 of our 
previously published study showing calcium flux responses 
in CC CKR5-transfected HEK 293 cells stimulated with 
MlP-ld, MIP-lp, and RANTES but not MCP-1, MCP-2, or 
MCP-3 were incorrectly attributed to CC CKR3 [23]. Sam- 
son et al. have also reported that MlP-la, MIP-ip, and 
RANTES, but not MCP-1 or MCP-3 were agonists for their 
allelic variant of CC CKR5 when pH changes were meas- 
ured as the functional response in stably transfected CHO- 
Kl cells. We have extended these studies by showing that 
treatment of CC CECR5 transfectants with pertussis toxin 
completely abolished the calcium flux response to MlP-lCt, 
MlP-lf), and RANTES (Fog. &). In contrast, the calcium 
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Fig. 1. Alignment of the amino acid sequence deduced from cDNAs for CC CKR1, CC CKR2B, and CC OCRS. Arabic numerals correspond lo the CC 
CECR5 sequence and are left-jiistified. Putative membrane-opanning segments I-VU are noted. Vertical lines, identities between adjacent residues; open 
boxes, predicted sites for W-linked glycesylation; dashes, gaps inserted lo optimise the alignment The sequence has been deposited in GenBank, 
accession number U 57840. 



flux response to ATP, which probably acts by binding to 
endogenous purinergic receptors, was largely unaffected. 

The potency order reported by Samson et al., MP-lCt > 
RANTES = MIP-ip, differs slightly from that reported for 
our CC CKR5 variant using a calcium flux assay as the 
functional response: MlP-la > RANTES > MIP-lp, The 
concentration for half-maximal responses to MIP-la was 
—3 and 10 nM, respectively, in both studies. In our study 
MIP-1P was approximately threefold less potent than 
RANTES, whereas, in the study of Samson et al., the dose- 
response curves for RANTES and MP-lfJ were very simi- 
lar [23, 24]. It should be appreciated that the differences 
among the three agonists and between the two studies in 
both potency and efficacy are quite small and could result 
from any one of a number of differences in the materials 
and methods used, including the CC CKR5 variant tested, 
the levels of expression achieved, differences between 
CH0-K1 and HEK 293 cells, the source of cheraokines, 
and variability from experiment to experiment using the 
same system. 

Binding of CC chemokines to CC CKR5 

In the description of their CC CKR5 variant, Samson et al. 
were unable to show specific binding of 12S I-MIP-la to 
stably transfected CH0-K1 cells at 4°C [24]. When we 
tested our HEK 293 transfectants expressing high levels of 
CC CKR5 activity, we observed low levels of specific 125 I- 
MIP-l0t binding at 4°C, whereas much higher levels of 
binding were found for cells expressing CC CKR1 (not 
shown). However, specific binding of 125 I-labeled MIP-lO, 
MIP-ip, and RANTES was more readily detected on our 
CC CKR5 transfectants when binding assays were carried 
out at 37°C (IFog. 4). The same radioligands did not bind 
specifically to untransfected HEK 293 cello or CC 
CKR2B-transfected HEK 293 cells at 37°C, whereas the 



latter bound both 125 I-MCP-1 and l25 I-MCP-3, as expected 
(data not shown). 

l25 I-MCP-l did not bind specifically to either CC CKR1 
or CC CKR5 transfectante; 12S I-MCP-3 bound specifically 
to CC CKR1, confirming previous reports [21, 22], but not 
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E?g. 2* CC CKR5 mRNA distribution in human leukocyte subsets. A 
Nytran blot containing 10 \lQ total RNA from peripheral blood-derived 
human neutrophils (N), adherent monocytes (M), and eosinophils (E) was 
hybridized with the clone 8.5 cDNA encoding CC CECR5. The blot was 
washed at 65°C in 0J2X SSPE for 1 h, then exposed to XAR-2 film with 
an intensifying ocreen al -&SfC for 2 days. Lanes N and E were positively 
controlled with 1L8RB and CC CECR3 probes, respectively (not shown). 
A separate lane containing 10 Ug adherent monocyte RNA was hybridised 
with a 30-raer antisense oligonucleotide probe specific for CC CKR5 and 
was washed in 5x SSPE at S0°C for 15 min. The result shown is after 2 
wooko of anpooura to XAR-2 film. The pooition of ribooomol bando io 
indicated at the left. 



Combadiere et al. £3©EM>eyt© CC efcemffiMma reeqpoor 149 



IT AVAILABLE COPY 



RAWTISB 



ATP 



PHI 



►pto 'ifyjtf^ V^afi^ v*** 



Tlm3(oco) 

Ft!S. 3. C protein coupUng to CC OCRS. [Ca 2+ ]i was measured as the 
relative fluorescence emitted by HEEC 293 cells stably transfected with 
CC CKR5, loaded with Fura-2, and treated with pertussin toxin or vehicle. 
Each tracing represents the results of a separate cuvette containing 2 
million cells stimulated at the time indicated by the arrow with the CC 
CKR5 agonist indicated above the corresponding column of tracings. The 
top and bottom rows of tracings correspond to cello treated with vehicle 
(-PTX) and pertussis toxin (+PTX), respectively, Chemokines were 
tested at 100 nM; ATP was tested at 5 &lM. 



to the CC CKR5 transfectants (data not shown). These 
results are consistent with the agonist specificity of the two 
receptors. The blading of 12S I-MIP-la and to 
CC CKR1- and CC CKR5-transfected cells att 37°C could 
be easily distinguished in two ways. First, binding of both 
^I-MIP-lCl and 125 I-MIP-1{1 to CC CKR1 could be com- 
peted effectively by unlabeled MCP-3 (>75% competition 
at 500-fold molar excess), whereas MCP-3 did not compete 
for binding of either chemokine to CC CKR5 when tested 
at 500-fold molar excess. This pattern is consistent with 
the agonists for CC CKR1 and CC CECR5. Second, BflP-la 
competed ~20-fold more effectively for 125 I-MIP-la bind- 
ing to CC CKR1 than to CC CKR5 (half-maximal inhibi- 
tory concentrations PC50] -5 and 100 nM, respectively), 
and unlabeled MIP-lft competed approximately twofold 
more effectively for ^I-MIP-lp binding to CC CKR5 than 
to CC CKR1 (ICsos ~100 and 200 nM, respectively; Fig. 
4, A and B). The results suggest that MIP-lQ binds with 
substantially lower affinity to CC CCCR5 than to CC CKR1, 
whereas MlP-lf) binds with similar low affinity to both 
receptors. In this regard, it is interesting that MIP-l0t has 
similar potency as an agonist for both receptors, whereas 
RfflP-iP is a much less potent and effective agonist for CC 
CKR1 than for CC CCCR5. 

l2S i-RANTES could also bind specifically to both CC 
CKR1 and CC CKR5 transfectants (Fig. 4C). We had dif- 
ficulty demonstrating the specificity of 12S I-RANTES bind- 
ing using excess unlabeled RANTES, as have others [16, 
22], whereas MlP-lCt clearly competed for l25 I-RANTES 
binding. The 12S I-RANTES binding sites at CC CKR1 and 
CC CKR5 could be distinguished by heterologous compe* 
lition with excess unlabeled MKP-la pCsos -20 and 100 
nM for CC CKR1 and CC CECR5, respectively; Fig. 4C). 
The high ICso values for binding compared with the agonist 
ECso values for CC CKR5 suggest that its ability to 
transduce signals is very efficient. Additional studies will 
be needed to determine whether the apparent Bow-affinity 



binding of chemokine agonists to CC CKR5 is due to struc- 
tural differences from iodination or differences in G pro- 
teins between monocytes and HEX 293 cells. However, it 
is important to note that both the calcium flux assay and 
the radioligand binding assays applied to CC CKR5-trans- 
fected cells gave the same chemokine specificity, positive 
for MIP-1<X, MIP-1P, and RANTES, negative for other 
chemokines tested. 

Although CC CKR2B and CC CKR5 are the most struc- 
turally similar CC chemokine receptors, having 75% aa 
identity, they are least related in function, having no com- 
mon agonists. In contrast, MCP-1 is an agonist for both CC 
CKR2B and CC CKR4, and MCP-3 is an agonist for CC 
CKR2B and CC CKR1, even though these pairs of recep- 
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Fog. 4. Radioligand binding properties of CC CKR1 and CC OCRS. HEK. 
293 cells stably transfected with CC CGCRs were incubated at 37°C with 
0.2 nM of the radioligands (200,000 cpm) indicated at the top of each 
box, (A-C) % maximal specific binding plotted as a function of increasing 
amounts of unlabeled MIP-la (A and C) or MIP-lp (B). Maximal specific 
binding is defined as the difference between total ceU-asacciated counts 
in the absence of unlabeled chemokine and in the presence of 1000 nM 
of the unlabeled chemokine indicated on the abscissa of each panel. For 
CC CKR1 and CC CKR5, respectively, nonspecific binding was as 
follows: ,2S I-MIP-1CU 3 ± 2 and 31 ± 6%; m I-MIP-iP, 37 ± 5 and 22 ± 
6%; and l25 I-RANTES, 65 ± 2 and 58 ± 2%. Data are pooled from £-5 
reparole experiments for (A) and (B), and from 2 separate experiments 
for(C). 
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tots have only 47 and 57% aa identity, respectively 
[16-19, 21, 22, 30]. Surprising structure-function relation- 
ships have previously been identified for fthe two human 
CXC chemokine receptors, interleukin-8 (IL-8) receptors 
A and B, which are 78% identical in amino acid sequence 
[31, 32]. IL8RB is selective for IL-8 and at least two other 
related CXC chemokines, whereas ILBRA is monoselective 
for IL-8. The /V- terminal segment, and the second and third 
extracellular loops of IL8RB, are all dominant selectivity 
determinants when tested separately in IL8RA-IL8RB 
chimeric receptors [33]. Analysis of chimeric receptors 
may also be useful in identifying selectivity determinants 
for CC CKR2B and CC CKR5. 

CC CKR5 is the first receptor identified for which MlP-lfi 
is a potent agonist. In addition to CC CKR5, MIP-la and 
RANTES are also agonists for CC CKR1 and CC CKR4, 
which are also expressed in monocytes (16, 17, 19, 20]. 
Additional studies using blocking reagents specific for indi- 
vidual receptor subtypes will be needed to define the contri- 
bution of each of these receptors to the monocyte-directed 
actions of MIP-lO. and RANTES. Monocytes are long-lived 
cells capable of further differentiation as they move from the 
blood to establish residence in the tissues as macrophages. 
The functional properties of tissue macrophages can differ in 
different organs, and in the same organ depending on the 
presence of priming agents. In this regard, it will be impor- 
tant to determine whether monocyte CC CICRs are differen- 
tially expressed on subsets of monocytes or in tissue 
macrophages from different organs, and whether other CC 
CKRs exist that are expressed in these cells. Additional work 
will also be needed to address the role of each of the CC 
CKRs in other biological phenomena such as lymphocyte 
chemotaxis and hematopoiesis [34, 35] that are regulated by 
their ligands. Finally, it is important to note that the ligands 
for CC CKR5 are the same three molecules that have been 
shown to act as suppressors of replication for certain strains 
of HIV-1, making CC CKRS the best-known candidate to 
mediate this activity [36] . 

Note added in proof: CC CECR5 is a fusion cofector for macrophage- tropic 
strains of HIV-1 (Alkhatib. C., Combediere, C. Broder, C. C. Feng, Y.. 
Kennedy, P. E., Murphy, P. BL. end Berger, E. A. (1996) Science. In 
pre aa. 
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